To estimate the impact of porcine parvovirus (PPV) vaccines on the emergence of new phenotypes, the population dynamic history of the virus was calculated using the Bayesian Markov chain Monte Carlo method with a Bayesian skyline coalescent model. Additionally, an in vitro model was performed with consecutive passages of the 'Challenge' strain (a virulent field strain) and NADL2 strain (a vaccine strain) in a PK-15 cell line supplemented with polyclonal antibodies raised against the vaccine strain. A decrease in genetic diversity was observed in the presence of antibodies in vitro or after vaccination (as estimated by the in silico model). We hypothesized that the antibodies induced a selective pressure that may reduce the incidence of neutral selection, which should play a major role in the emergence of new mutations. In this scenario, vaccine failures and non-vaccinated populations (e.g. wild boars) may have an important impact in the emergence of new phenotypes.
Porcine parvovirus (PPV) infections are characterized by the reoccurrence of oestrus, abortion and the delivery of mummified and stillborn fetuses (summarized by Truyen & Streck, 2012) . The resulting economic losses for the pig industry led to the global use of inactivated vaccines after the 1980s (Truyen & Streck, 2012) .
In the last 15 years, several reports have been published about new PPV phenotypes with amino acid changes resulting in variations on the capsid surface (Martins Soares et al., 2003; Zimmermann et al., 2006; Streck et al., 2011) . These amino acid substitutions may be responsible for the dramatically different pathogenic properties of the virus (Bergeron et al., 1996) . In addition, there is evidence that antibodies raised against most of the PPV vaccine strains display a low heterologous neutralizing activity against these new phenotypes. This has led to the hypothesis that the vaccines may force a selective pressure on PPV field strains resulting in 'escape mutants', which could have supported the emergence of new phenotypes (Zeeuw et al., 2007) . To address the question of whether PPV vaccines have influenced the emergence of new phenotypes, we analysed the population dynamics of the virus in silico and the antibody pressure was evaluated with an in vitro model.
To test the hypothesis of antigenic selection, we designed an in vitro experiment in which polyclonal serum generated from a sow infected experimentally with PPV strain NADL2 was used to neutralize one homologous and one heterologous PPV virus strain. The homologous strain used was the NADL2 (from the USA), a tissue cultureadapted vaccine virus (Mengeling, 1975) , and the heterologous strain used was a strain called 'Challenge' (from the UK), a virulent strain that shows only limited crossneutralization with the NADL2 strain (Zeeuw et al., 2007) . The neutralization capacity of the polyclonal antibodies was 1 : 5120 for the NADL2 strain and 1 : 640 for the Challenge strain (minimal serum dilution able to neutralize 50 TCID ml
21
).
The first inoculations with the Challenge and NADL2 viruses were performed in a PK-15 cell line (3610 5 cells ml
) with a minimal concentration of virus able to produce a TCID 50 (in 96 h) and maintained in Dulbecco's modified Eagle's medium (DMEM, Sigma-Aldrich) supplemented with 5 % (v/v) FBS at 37 u C in 5 % CO 2 . Additionally, different dilutions of polyclonal serum were added to the inoculated cells (haemagglutination inhibition titre of 1 : 500-1 : 1.72 per 25 ml). After 5 days, the tissue culture with the minimal dilution of serum, but still displaying signs of cytopathic effect (CPE) was collected and frozen. A subsequent reinoculation of cells with different serum dilutions was performed with the collected viruses. After another 5 days, cells with the minimal dilution of serum and still showing signs of CPE were collected again. This process was repeated for 21 passages.
In the control, both viruses were inoculated in cells without polyclonal serum, collected, frozen and passaged this way a further 21 times. Viral resistance to the antibodies was observed for the homologous NADL2 and heterologous Challenge strains in the last two passages, and a CPE was evident even in the most concentrated antibody dilution (1 : 500). Thus, no further passages were performed. DNA amplification from the last passage, sequencing and assembly of DNA sequences were performed as described previously (Streck et al., 2011) . A selective pressure was performed with the GenBank content (VP1 gene) using the CODEML (model 8) algorithm from the PAML 4.2b package (Yang, 1997) The VP1 gene sequence analysis revealed that the viruses grown without antibodies had more substitutions than the viruses cultivated with antibodies after 21 passages (Table  1) . This was more evident in the homologous NADL2 strain without antibody pressure (with one synonymous and six non-synonymous substitutions) compared with the NADL2 strain submitted to antibody pressure (two nonsynonymous substitutions). For the heterologous Challenge strain, the differences were blander: three synonymous and three non-synonymous substitutions for the virus without the antibody pressure and three synonymous and two nonsynonymous substitutions for the virus submitted to the antibody pressure.
According to the selective pressure analysis (performed with the complete VP1 gene sequences retrieved from GenBank), the changes located in aa 45, 118, 320, 378, 383, 407, 436, 555 and 565 positions presented a high selective pressure (v.0.9). In all other sites with substitutions, a fairly low pressure could be observed (v,0.2; Table 1 ). At aa 320 (isoleucine), a serine was inserted in the NADL2 strain under antibody pressure and another amino acid (threonine) in the NADL2 strain grown without the antibody pressure, confirming the variability estimated for this site (v52.662). Additionally, at aa 436 of the Challenge strain grown with antibody pressure, a serine was inserted (presented also in the original NADL2 strain). These sites (aa 320 and 436) are located at the top of the threefold spike and therefore are considered to have a high binding potential to antibodies (Simpson et al., 2002; Streck et al., 2011) . As antibodies raised against the NADL2 strain should be able to strongly bind the Challenge virus with the substitution P436S, this change was not expected. We hypothesized that the serine on the surface of the capsid could conserve a similar structure to the serine's hydroxyl group interaction with the nitrogen of the backbone, therefore mimicking a proline structure. In contrast, the substitutions I320S and I320T were conservative changes, representing only slight modifications in the surface structure.
Curiously, in the NADL2 strain grown without antibody pressure, half of the substitutions (D378G, H383Q and R565K) were found in the Challenge (and Kresse) virulent strain. These sites were not located on the surface of capsid (they were located near the b-chains) and these substitutions could be observed in most of the virulent strains circulating in several countries (Martins Soares et al., 2003 : Zimmermann et al., 2006 Streck et al., 2011) . However, their contribution to virulence is unknown. Despite the antibody pressure, the D378G, H383Q and P436S substitutions may have been selected because of replication advantages. A previous study with different chimaeras between the strains Kresse and NADL2 revealed that unique amino acids of the NADL2 strain (including aa 378, 383, 436 and 565) are responsible for the replication efficiency in tissue culture (Fernandes et al., 2011) . In the Challenge strain, a distinct substitution pattern was observed (with substitutions located mainly the first half of the gene). Probably, as this strain already had most of the above-mentioned substitutions in sites considered important to replication, viruses with mutations in other sites may have had good adaptability as well.
For the in silico analysis, all VP1 gene sequences deposited in GenBank (up to May 2012) were retrieved from NCBI (http://www.ncbi.nlm.nih.gov/). Only viruses originally isolated from swine were considered. The dataset consisted of 739 nt (between nt 3701 and 4439) from 74 samples. The nucleotide and amino acid numbers used in this study are based on the Kresse strain (GenBank accession no. U44978).
The clock-like behaviour of the dataset was visualized using regression of the root-to-tip genetic distance inferred from the maximum-likelihood tree against the sampling time in the software Path-O-Gen version 1 (Drummond et al., 2003) . The population dynamic was estimated with a Bayesian Markov chain Monte Carlo (MCMC) method, using BEAST version 1.7.1 (Drummond & Rambaut, 2007) . These analyses were run using the GTR DNA substitution model with partitions into codon positions, performing 500 million generations through the MCMC and subsampling each 10 000 generations. The population dynamic model used was the Bayesian skyline coalescent (stepwise) model, and the molecular clock model used was a relaxed clock with an uncorrelated log-normal distribution of rates. Additionally, different models testing the population size change through time were estimated (constant, lineal and stepwise) using general time reversible (GTR) DNA substitution model with partitions into codon positions, performing 10 million generations through the MCMC and subsampling each 10 000 generations. The fitness of both models was compared using the marginal likelihood, adopting the method of Newton & Raftery (1994) , with modifications (Suchard & Redelings, 2006) . The strength of the statistical evidence was quantified using the Bayes factors (Kass & Raftery, 1995) .
The root-to-tip analysis was constructed to examine whether the samples exhibited adequate temporal structure. As the obtained value of R 2 for the regression analysis was 0.9845, a strong temporal fitness was confirmed for the dataset. Finally, the Bayesian skyline coalescent model was 118D  145D  192D  238D  276D  320D  378D  383D  407D  436D  458D  555D  565D NADL2 original 118D  145D  192D  238D  276D  320D  378D  383D  407D  436D  458D  555D  565D Challenge original 
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Journal of General Virology 94 used to estimate the epidemiological history and evolutionary dynamics of PPV over time. Comparison of the null hypothesis (constant population size) with the hypothesis in which population change is allowed indicated that the data fitted better with the hypothesis that allowed variability ( Table 2 ). The resulting demographic inference is shown in Fig. 1 . The effective population size of PPV underwent a period of relative steadiness until around 1982. After 1982, a moderate but continuous decrease is evident until the recent strains. The beginning of the population decrease matches the period in which vaccination campaigns were broadly introduced.
One main explanation for this phenomenon could be the broad use of certain PPV vaccines in the last 30 years. This can be stipulated, as a reduction in the genetic diversity is assumed to be strictly related to a more difficult or reduced virus transmission (Halloran & Holmes, 2009; van Ballegooijen et al., 2009) , as expected in a vaccinated population. Another important factor that can influence the genetic diversity of the virus is the behaviour of the host population (Halloran & Holmes, 2009 ). In recent decades, the demographics of PPV infection and its spreading potential may have changed due to new swine breeding/growth facilities. Additionally, new sanitary Kass & Raftery, 1995, and van Ballegooijen et al., 2009) .
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Time ( Population dynamics of porcine parvovirus measures and disinfectants were adopted in the 1980s, probably also affecting the viral population dynamics.
As several other factors could have influenced PPV population dynamics in the last few decades, an in vitro model was used to show that antibody pressure is able to cause a higher or lower genetic drift. In this model, we expected to observe a viral escape mechanism in viruses submitted to antibody pressure. However, for both strains (NADL2 and Challenge), we observed fewer nucleotide and amino acids substitutions in the viruses when cultivated under antibody pressure in comparison with the same viruses cultivated without this pressure. This was particularly evident for the NADL2 strain submitted to homologous antibody pressure. Regarding the heterologous Challenge strain, the emergence of non-synonymous and synonymous substitutions was quite similar for the virus cultivated with and without antibodies. As antibodies raised against the NADL2 virus do not efficiently neutralize the Challenge virus (Zeeuw et al., 2007; Jó źwik et al., 2009) , the pressure implemented by the anti-NADL2 antibodies should be milder compared with that raised against the homologous strain NADL2. Under strong pressure, most mutations may be deleterious, and the genetic diversity was lower for the NADL2 strain. In contrast, the original NADL2 strain has a higher replication fitness in cell lines than the strain Kresse, which is very similar to the Challenge strain (Fernandes et al., 2011) . Due to this higher fitness, it is expected that the NADL2 strain can reach more generations in each incubation time and, in this way, more mutations could be expected.
The selective forces that drive parvovirus evolution remain uncertain. Apparently, because in the in vitro model a lower genetic diversity was observed in the presence of antibodies, neutral selection seems to be more important for PPV than adaptive evolution. This is supported by reports from natural pig herds. In wild boar populations, phylogenetic analysis has indicated that PPV is more diverse than in domestic pigs (Cadar et al., 2012) . The authors of that study observed that the amino acid substitution rate per year was higher than that found in a study examining samples from domestic pigs (Streck et al., 2011) . As possible explanations for the higher variability of the wild boar viruses, the dissemination of the same virus in herds by mixing animals of different sources and the extensive vaccination in domestic swine were hypothesized as factors that reduce PPV variability in these populations. Taken into consideration with the findings in the in vitro and in silico models, it can be assumed that vaccine failures and nonvaccinated populations (e.g. wild boars) rather than escape mutations due to vaccine pressure may have played a major role in the emergence of new PPV phenotypes.
In conclusion, the widely used vaccination programmes appear to have influenced the genetic diversity of PPVs.
To minimize further the risk of the emergence of new phenotypes, the use of homologous vaccines along with a constant monitoring of PPV appears advisable.
